A flow apparatus has been developed f o r t h e study of t h e metabolic response o f anchorage-dependent c e l l s t o a wide range o f s t e a d y and p u l s a t i l e s h e a r stresses under well-controlled conditions. Human umb i l i c a l vein e n d o t h e l i a l c e l l monolayers were s u b j e c t e d t o s t e a d y shear stresses of up t o 24 dynes/cm2, and t h e production o f p r o s t a c y c l i n was determined. The onset of flow l e d t o a b u r s t i n p r o s t a c y c l i n production which decayed t o a long-term s t e a d y s t a t e rate (SSR). The SSR of c e l l s exposed t o flow was greater than the basal release l e v e l , and increased l i n e a r l y w i t h i n c r e a s i n g shear stress.
Introduction and Approach
One of t h e major challenges t o t h e scale-up o f mammalian c e l l c u l t u r e i s o f t e n s t a t e d t o be t h e d e t r i m e n t a l e f f e c t s o f shear stress on c e l l v i a b i l i t y . However, mammalian c e l l s e x h i b i t a wide range o f shear s e n s i t i v i t y w i t h respect t o t h e stress l e v e l r e q u i r e d t o cause o v e r t l y s i s and death.
Some r e c e n t evidence s u g g e s t s , t h a t a t lower l e v e l s , shear stress may have b e n e f i c i a l e f f e c t s on c e l l u l a r metabolism ( 1 ) and p o s s i b l y v i a b i l i t y . Since c e l l s i n most b i o r e a c t o r c o n f i g u r a t i o n s w i l l i n v a r i a b l y be subjected t o some degree of f l u i d mechanical stresses, a clear understanding of t h e e f f e c t s of shear stress on c e l l u l a r metabolism will be required f o r optimal design and o p e r a t i o n o f mammalian c e l l r e a c t o r s .
T h i s problem may be b e s t approached by studying c e l l metabolism under c o n d i t i o n s of well-characterized shear stress. To t h i s end, we have developed a flow apparatus capable o f s u b j e c t i n g c u l t u r e d anchorage-dependent c e l l s t o a wide range o f s t e a d y and p u l s a t i l e shear stresses f o r long time periods.
One f u n c t i o n of e n d o t h e l i a l c e l l s t h a t appears t o b e modulated by shear stress i s t h e metabolism of arachidonic acid ( 1 , 2 ) . Arachidonic a c i d i s a n e s s e n t i a l polyunsaturated f a t t y a c i d s t o r e d i n i t s e s t e r i f i e d form i n t h e c e l l membrane phospholipids. It is l i b e r a t e d from phosphol i p i d s by t h e a c t i o n of a phospholipase (Figure 1 ) . I n umbilical vein e n d o t h e l i a l cells, t h e major metabolite of arachidonic a c i d is pros taglandin I z ( P G I 2) o r p r o s t a c y c l i n , which i s produced by t h e cyclooxygenase pathway ( F i g u r e 1 ) . P r o s t a c y c l i n is a s t r o n g v a s o d i l a t o r and t h e most potent endogenously generated i n h i b i t o r of p l a t e l e t aggregation. I t h a s important b i o l o g i c a l a c t i v i t i e s i n nanamolar concentrations.
Previously, we had demonstrated t h a t shear stresses of 10 dynes/cm s t i m u l a t e t h e production o f p r o s t a c y c l i n i n c u l t u r e d e n d o t h e l i a l c e l l s ( 1 ) .
O s c i l l a t o r y shear stress (one Hertz) w i t h t h e same mean value enhanced t h e production r a t e even f u r t h e r .
I n t h e p r e s e n t s t u d y , t h e flow apparatus we have developed f o r t h e study of t h e response of c u l t u r e d anchorage-dependent c e l l s t o f l u i d shear stress is described i n d e t a i l .
I n a d d i t i o n , t h e e a r l i e r d a t a ( 1 ) are extended t o demonstrate t h e e f f e c t s of a wide range o f steady shear stress on t h e production of p r o s t a c y c l i n by primary human umbilical vein e n d o t h e l i a l c e l l s .
Human u m b i l i c a l vein e n d o t h e l i a l c e l l s were h a r v e s t e d from umbili c a l c o r d s by means o f c u l t u r e procedures adapted from Gimbrone ( 3 ) . F o r removal of t h e e n d o t h e l i a l c e l l s , t h e veins were cannulated, r i n s e d w i t h 100 m l of phosphate-buffered s a l i n e (Pas; Gibco, Grand I s l a n d , N Y ) , f i l l e d with 0.03% collagenase enzyme (Cooper Biomedical, Malvern, PA) i n Medium 199 (Gibco, Grand I s l a n d , N Y ) , and incubated f o r 30 minutes a t room temperature.
After incubation, t h e enzyme s o l u t i o n was f l u s h e d through t h e v e s s e l w i t h 100 m l of PBS, and t h e e f f l u e n t was c o l l e c t e d and centrifuged a t 650 x g f o r 10 minutes.
The c e l l p e l l e t was resuspended i n Medium 199 supplemented w i t h 20% f e t a l bovine serum (Hyclone, Logan, U T ) , 200 U / m l p e n i c i l l i n , 200 pg/ml streptomycin (Gibco, Chagrin F a l l s , O H ) , and 300 Pg/ml glutamine (Gibco). The c e l l suspension was p l a t e d o n t o g l a s s s l i d e s (75 x 38 rum; F i s h e r S c i e n t i f i c , P i t t s b u r g h , PA).
The glass s l i d e s were p r e t r e a t e d with 0.5M NaOH f o r two t o three hours and r i n s e d w i t h d i s t i l l e d water, thereby enhancing c e l l adhesion by c o n f e r r i n g a charge on t h e glass surface.
Two s l i d e s were seeded p e r cord (5.0 x l o 4 t o 1.0 x 10' c e l l s p e r s l i d e ) . Cultures became confluent a f t e r three o r f o u r days and flow loop experiments were run three days a f t e r t h e c u l t u r e s reached confluency.
The apparatus c o n s i s t s o f two r e s e r v o i r s , s i t u a t e d one above t h e o t h e r , w i t h a p a r a l l e l -p l a t e flow chamber positioned between them (Figure 2 ) .
Flow i s driven through t h e chamber by t h e h y d r o s t a t i c pressure head created by t h e v e r t i c a l d i s t a n c e between t h e upper and lower r e s e r v o i r s .
The pressure head i s maintained constant by continuous pumping o f c u l t u r e medium from t h e lower t o upper r e s e r v o i r s a t rates i n excess of t h a t flowing through t h e chamber. The excess d r a i n s down t h e glass overflow manifold (O.D. 19mm, Pyrex, Corning Glass Works, Corning, N Y ) , which a l s o s e r v e s t o f a c i l i t a t e gas exchange with t h e medium.
The upper and lower r e s e r v o i r s are blown of g l a s s , w h i l e t h e interconnecting t u b i n g c o n s i s t s of Teflon PFE (O.D. 0.125 i n . , Cole Parmer, Chlcago, I L ) , except f o r t h e s e c t i o n through t h e r o l l e r pump which i s s i l i c o n e (Masterflex, Cole Parmer, Chicago, I L ) . S i l i c o n e c o l l a r s j o i n t h e r e s e r v o i r s t o t h e m a n i f o l d and t u b i n g . The r e l a t i v e l y i n e r t and g a s impermeable t e f l o n t u b i n g p r e v e n t s water and g a s l o s s and minimizes a d s o r p t i o n o f c e l l n e t a b o l i t e s .
The flow chamber c o n s i s t s o f a machine-milled p o l y c a r b o n a t e p l a t e , a r e c t a n g u l a r S i l a s t i c ( s i z e 0.020 i n . , Dow Corning, Midland, M I ) g a s k e t , and t h e g l a s s s l i d e w i t h t h e a t t a c h e d e n d o t h e l i a l c e l l monolayer ( F i g u r e 3 ) .
These were h e l d t o g e t h e r by a vacuum m a i n t a i n e d a t t h e p e r i p h e r y o f t h e s l i d e , forming a c h a n n e l o f p a r a l l e l -p l a t e geometry. The u s e o f vacuum i n s u r e d a n uniform c h a n n e l d e p t h .
The d e p t h o f t h e c h a n n e l formed was normally 220 pm, and t h e area of c e l l s exposed t o shear was 16 om2. F o r s t u d i e s o f c e l l n e t a b o l i s m , i t i s m u a l l y i m p o r t a n t t o minimize l o o p f l u i d volume and maximize c e l l s u r f a c e area.
The p o l y c a r b o n a t e p l a t e h a s two m a n i f o l d s t h r o u g h which medium e n t e r s and e x i s t s t h e channel.
The e n t r y p o r t i s l a r g e r t h a n t h e e x i t p o r t and s e r v e s as a bubble t r a p .
A v a l v e o p p o s i t e t h e e n t r y p o r t a l l o w s f o r t h e removal of t h e bubbles. Then t h e s l i d e w i t h t h e c u l t u r e d c e l l s i s i n v e r t e d o v e r t h e f l o o d e d chamber, and clamped. Care must be t a k e n t o a v o i d e n t r a p m e n t o f a i r b u b b l e s i n f l o w c h a n n e l .
During a n e x p e r i m e n t , t h e c i r c u i t components are p l a c e d i n a 37OC a i r c u r t a i n i n c u b a t o r system and t h e r e s e r v o i r s are connected t o a g a s s i n g system t h a t m a i n t a i n s a h u m i d i f i e d atmosphere o f 95% a i r and 5% CO,.
The wall s h e a r stress on t h e c e l l monolayer i n t h e flow chamber may b e c a l c u l a t e d u s i n g t h e momentum b a l a n c e f o r a Newtonian f l u i d and assuming p a r a l l e l -p l a t e geometry:
where Q = flow r a t e cm3/sec p = v i s c o s i t y , a b o u t 0.01 dyne-sec/cm2 h = c h a n n e l h e i g h t , 0.022 cm b = s l i t w i d t h , 2.5 cm = wall s h e a r stress, dynes/cm2
The mean r e i d e n c e time o f medium i n t h e f l o w chambe nd t h e t u b i n g between r e s e r v o i r s f o r t h e e x p e r i m e n t s performed r a n g e d from 5-30 seconds.
T h e r e f o r e , i n time c o u r s e s t u d i e s o f m e t a b o l i t e p r o d u c t i o n , sampling from t h e lower r e s e r v o i r c o n t r i b u t e s 2 t e m p o r a l e r r o r o f t h e o r d e r of l e s s t h a n one minute.
The flow r a t e was c o n t r o l l e d by a d j u s t i n g t h e r e l a t i v e d i s t a n c e between t h e two r e s e r v o i r s by changing t h e l e n g t h of t h e overlow manifold tubing.
The flow rates were monitored b y a 3 electromagnetic flow probe (Zepeda I n s t r u m e n t s , S e a t t l e , M A ) . The Reynolds number of t h e flow through t h e chamber is given by:
where U is t h e c h a r a c t e r i s t i c o r mean average flow v e l o c i t y , P is t h e d e n s i t y of t h e medium, and lJ i s t h e v i s c o s i t y o f t h e medium. Combining e q u a t i o n s ( 1 ) and (21, ( 3 )
The value of t h e q u a n t i t y i n t h e p a r e n t h e s i s f o r t h e apparatus i s 0.807. For t h e range of shear stresses used i n t h e p r e s e n t s t u d y , t h e Reynolds number v a r i e d from 0 t o 20, i n d i c a t i n g t h a t f l u i d flow through t h e chamber was laminar.
Because of t h e l a r g e aspect r a t i o ( b / h ) and low Reynolds number found i n the flow chamber, t h e above e q u a t i o n i s v a l i d f o r n e a r l y a l l of t h e monolayer s u r f a c e except very n e a r t h e l a t e r a l edges of t h e flow chamber.
S c h l i c h t i n g ( 4 ) g i v e s a n estimate of t h e e n t r y l e n g t h (R) f o r plane P o i s e u i l l e flow as:
For o u r naximum Reynolds number of 20 and a channel h e i g h t o f .022 S i n c e t h e channel l e n g t h cm, t h e e n t r y l e n g t h i s approximately .018 cm. was 6.4 cm, t h e e n t r y l e n g t h was n e g l i g i b l e f o r these experiments.
I n t h e p r e s e n t s t u d y , c e l l monolayers were s u b j e c t e d t o shear stress f o r seven t o eight hours. Samples were withdrawn very 5 t o 30 minutes, and t h e flow c i r c u i t was simultaneously r e p l e n i s h e d w i t h f r e s h medium t o m a i n t a i n a c o n s t a n t c i r c u l a t i n g volume o f 20 m l . Sample and r e p l e n i s h i n g volumes were both 1 m l . A t t h e end of each experiment, t h e monolayers were photographed and c e l l s were h a r v e s t e d and counted w i t h a hemocytometer t o determine t h e t o t a l count.
C e l l s were h a r v e s t e d enz y m a t i c a l l y by t r e a t i n g t h e a t t a c h e d c e l l s with trypsin-EDTA ( 1 mg/ml porcine t r y p s i n , 0.2 mg/ml EDTA without Ca2+ and Mg2+; Gibco, Grand I s l a n d , NY) f o r t h r e e t o f i v e minutes, c e n t r i f u g i n g t h e c e l l s u s e n s i o n a t 650 x g f o r 10 minutes, and resuspending t h e p e l l e t i n CaZP-and Mg2+-free Hanks balanced s a l t s o l u t i o n ( I r v i n e S c i e n t i f i c , S a n t a Ana, C A I . V i a b i l i t y was determined by t h e a b i l i t y of c e l l s t o exclude t r y p a n b l u e dye (Gibco, Grand I s l a n d , NY). The v i a b l e count was used t o normali z e t h e p r o s t a c y c l i n production rates w i t h r e s p e c t t o c e l l number. To e l i m i n a t e v a r i a t i o n s due t o i n d i v i d u a l donors and monolayer age, r e p l icate c u l t u r e s were used.
Here, c e l l monolayers were grown from c e l l s seeded a t i d e n t i c a l d e n s i t y from t h e same pool of donor cords and u t il i z e d c o n c u r r e n t l y .
Cell monolayers were exposed t o s t e a d y s h e a r s t r e s s e s of 6 , 16, and 2 4 dynes/cm2 and sampling was done s i a u l t a n eously. This covers t h e range of p h y s i o l o g i c a l i n t e r e s t f o r time average wall s h e a r stresses i n a r t e r i a l v e s s e l s . I n experiments designed t o c o n t r o l f o r t h e flow chamber c o n d i t i o n s , c e l l monolayers were p e r f u s e d by a s y r i n g e pump a t a near-zero s h e a r stress (0.016 dynes/cm2). The outflow medium was c o l l e c t e d f o r s e v e r a l hours t o determine t h e basal release r a t e . P r o s t a c y c l i n production i n t h e experiments was assayed i n samples by measuring l e v e l s of immunoreactivity t o t h e s t a b l e nonenzymatic breakdown product of p r o s t a c y c l i n , 6-keto-prostaglandin F ( F i g u r e 1 ) . Before a s s a y i n g , t h e samples were incubated a t 37OC f o r h a l f t o one hour, t o e n s u r e h y d r o l y s i s of a l l p r o s t a c y c l i n t o 6-keto-prostaglandin F , . The a s s a y s e n s i t i v i t y was 5 pg/O.l ml, and c r o s s -r e a c t i v i t y of t h e a n h b o d y w i t h o t h e r c u l t u r e media components and pros t a g l a n d i n s was n e g l i g i b l e . The s t a n d a r d curve was c o n s t r u c t e d from s t a n d a r d s ranging i n c o n c e n t r a t i o n from 5 pg/O.l m l t o 500 p g l 0 . l m l , which were d i l u t e d i n radioimmunoassay b u f f e r .
The e f f i c i e n c y o f a d s o r b t i o n of free a n t i g e n by c h a r c o a l was determined by t h e blank t u b e s , which c o n t a i n e d 0.1 m l tracer and 0.3 m l b u f f e r . Each s t a n d a r d and sample was run i n t r i p l i c a t e . Q u a l i t y c o n t r o l was monitored by p l a c i n g known s t a n d a r d s ( 100 pg/O. 1 m l ) of 6-keto-PGF a t i n t e r m e d i a t e p o i n t s amongst t h e samples t o be assayed.
The incub&ion was c a r r i e d o u t a t 4OC f o r 16 hours. S e p a r a t i o n of t h e bound and free a n t i g e n was achieved u s i n g gamma-globulin-coated charcoal. The c h a r c o a l suspension was prepared by d i s s o l v i n g 1 gm of bovine gamma-globulin (Sigma Chemical Co., S t . Louis, MO) and 3 gm o f N o r i t A c h a r c o a l (Sigma Chemical Co., S t . Louis, MO) i n 100 m l of radioimmunoassay b u f f e r .
The s u p e r n a t a n t o b t a i n e d a f t e r c e n t r i f u g a t i o n was counted i n a l i q u i d s c i n t i l l a t i o n c o u n t e r , i n t h e presence of 10 ml l i q u i d s c i n t i l l a t i o n , f l u i d (Hydrof l u o r , N a t i o n a l D i a g n o s t i c s ) .
Cumulative production o f p r o s t a c y c l i n was determined by performing a mass b a l a n c e over t h e flow l o o p , t a k i n g i n t o account samples withdrawn and medium r e p l e n i s h e d . By means of a Marquardt n o n l i n e a r r e g r e s s i o n a n a l y s i s u t i l i z i n g t h e s t a t i s t i c a l s o f t w a r e package SAS, measurements o f cumulative production o f p r o s t a c y c l i n were f i t t e d t o a four-parameter equation:
where Pc is t h e cumulative production of p r o s t a c y c l i n , T i s time, and A , B , C , and D are t h e parameters t o be determined. By t a k i n g t h e time d e r i v a t i v e of Equation (51, a smooth e x p r e s s i o n f o r t h e r a t e of product i o n (P) as a f u n c t i o n of t i n e is obtained:
The parameters c a l c u l a t e d by t h e r e g r e s s i o n a n a l y s i s a r e r e l a t e d t o t h e k i n e t i c s of t h e rate of production.
The parameter D r e p r e s e n t s t h e stsady-state o r long-term production r a t e (SSR), and C was a t i m e c o n s t a n t f o r t h e r a p i d i t y of decay of t h e i n i t i a l b u r s t i n production of p r o s t a c y c l i n .
Furthermore, given t h e l e n g t h of t h e sampling i n t e r v a l , t h e peak production rate can b e expressed as t h e r a t e of production a t time z e r o ( 3 / C + D ) .
Results and Discussion
C e l l monolayers perfused a t a near-zero shear stress of 0.016 dynes/cm2 produced 11 ? 0.5 pg P G I 2 / 1 O 6 c e l l s / m i n ( n = 3 ) . This production r
a t e of p r o s t a c y c l i n i s e s s e n t i a l l y t h e saae as t h a t seen f o r t i s s u e c u l t u r e (no flow) controls o f human u m b i l i c a l v e i n e n d o t h e l i a l c e l l s . F i g u r e 4 d e p i c t s t h e cumulative production and production r a t e of a t y p i c a l s e t of experiments where r e p l i c a t e e n d o t h e l i a l c e l l monolayers were exposed t o s h e a r stresses of 6 , 16, and 24 dynes/cm2. The o n s e t of flow l e d t o a sudden i n c r e a s e i n production of p r o s t a c y c l i n which dec r e a s e d t o a c o n s t a n t o r s t e a d y s t a t e r a t e (SSR) w i t h i n s e v e r a l minutes ( F i g u r e 4 ) .
The SSR i n c r e a s e d w i t h i n c r e a s i n g shear stress (Table 1 ) . The SSR of c e l l s s u b j e c t e d t o 24 dynes/cm2 were s i g n i f i c a n t l y g r e a t e r t h a n t h e SSR of c e l l s s u b j e c t e d t o 6 dynes/cm2 ( p < 0.01; t w o -t a i l e d tt e s t ) .
All v a l u e s of t h e SSR are g r e a t l y d i f f e r e n t from t h e t i s s u e c u l t u r e (low o r no flow) c o n t r o l s .
In F i g u r e 5 , SSR is p l o t t e d as a f u n c t i o n o f t h e s t e a d y shear stress imposed. The S S R I s t r e s s response i s e s s e n t i a l l y l i n e a r i n t h i s range of shear stress, with a s l o p e o f 4.9 pg/lO cells/min/dyne/cm2 ( c o r r = 0.93).
I t should b e noted t h a t t h i s
range of s h e a r stresses covers t h e time average estimates of s h e a r stresses normally seen i n t h e human v a s c u l a r system.
Both t h e peak production r a t e (B/C + D) and t h e time c o n s t a n t f o r decay of t h e i n i t i a l b u r s t of P G I z production ( C ) were n o t s i g n i f i c a n t l y a f f e c t e d by t h e magnitude o f s t e a d y shear stress exposure over t h e range s t u d i e d (up t o 24 dynes/cm2). T h i s i s shown g r a p h i c a l l y i n F i g u r e 4.
The flow a p p a r a t u s d e s c r i b e d above provides a simple and inexpensive' method f o r exposing anchorage-dependent c e l l s t o uniform wall shear stress, and has s e v e r a l advantages over o t h e r d e v i c e s used t o e v a l u a t e t h e e f f e c t of mechanical stress on c e l l function.
Flow through t h e chamber i s laminar and well c h a r a c t e r i z e d (51, and a l l o w s f o r i n s i t u s u p e r p o s i t i o n o f p u l s a l t i l e flow. Furthermore, t h e flow chamber can be mounted on a n i n v e r t e d microscope, allowing f o r continuous v i s u a l i z a t i o n u s i n g video microscopy.
The flow system is w e l l -s u i t e d f o r analysis of t h e e f f e c t s o f s h e a r stress on t h e metabolism of attached c e l l s . T h i s system h a s been used t o s u b j e c t e n d o t h e l i a l c e l l s t o shear f o r times i n e x c e s s of f i v e days. The e x c e l l e n t cell-to-volume r a t i o ( 10 c e l l s / l O m l ) f a c i l i t a t e s t h e s t u d y o f t h e production o f m e t a b o l i t e s by c e l l s . Furthermore, sampling of t h e medium i s p o s s i b l e without c e s s a t i o n o r d i s t u r b a n c e t o t h e flow i n t h e c e l l -l i n e d p a r a l l e l p l a t e flow chamber. S i n c e most of t h e appar a t u s i s assembled of g l a s s and t e f l o n , t h e r e is no l o s s of medium due t o permeation through t h e t u b i n g o r evaporation. T h i s avoids problems a s s o c i a t e d w i t h changes i n t h e osmotic balance of t h e medium.
S e v e r a l groups have s t u d i e d shear stress e f f e c t s on c u l t u r e d endot h e l i a l c e l l s using a modified cone-and-plate viscometer ( 6 , 7 ) . Such a n a p p a r a t u s g i v e s nearby uniform shear f i e l d s when o p e r a t e d a t moderate t o low speeds. These d e v i c e s can be a d a p t e d t o allow continuous micros c o p i c monitoring, though t h i s i s n o t easy.
The disadvantages of t h e cone-and-plate device as c u r r e n t l y operated are t h a t i t has a smaller cell-to-volume r a t i o , does n o t p e r m i t continuous sampling o f t h e c e l l i n c u b a t i n g medium, and has s i g n i f i c a n t t i s s u e c u l t u r e medium e v a p o r a t i o n which r e q u i r e s continuous i n f u s i o n of f r e s h medium f o r purposes of adj u s t i n g t h e osmolarity.
Others ( 8 ) have used flow l o o p d e v i c e s q u a l i t a t i v e l y similar t o t h e
one d e s c r i b e d h e r e i n . However, t h e f l u i d volumes n e c e s s a r y t o o p e r a t e these a p p a r a t i are t y p i c a l l y o f t h e o r d e r of 100 m l , and t h e s u r f a c e area of c e l l s exposed t o d e f i n e d shear i n t h e flow chambers h a s been approximately 1 cm2. The low cell-to-volume r a t i o make these d e v i c e s inadequate f o r use i n most metabolic s t u d i e s , s i n c e many m e t a b o l i t e s o f i n t e r e s t are produced a t very low rates, y e t have extremely important b i o l o g i c a l effects.
The data demonstrate t h a t p h y s i o l o g i c a l l e v e l s of s t e a d y shear stress and t h e o n s e t o f shear stress dramatically s t i m u l a t e p r o s t a c y c l i n production i n c u l t u r e d human e n d o t h e l i a l c e l l s . While s t e p i n c r e a s e s i n shear stress l e d t o a b u r s t i n production t h a t l e v e l e d o f f w i t h i n seve r a l minutes, s h e a r stress i t s e l f e x e r t e d a s u s t a i n e d s t i m u l a t i o n which l a s t e d s e v e r a l hours ( t h e d u r a t i o n o f t h e experiments). T h i s l o n g e r term s t i m u l a t i o n of p r o s t a c y c l i n production r a t e v a r i e d l i n e a r l y w i t h i n c r e a s i n g shear stress. P r e v i o u s l y , we have shown t h a t t h e degree of s t i m u l a t i o n o f production i s a f u n c t i o n of t h e p u l s a t i l i t y o f t h e wall shear stress as well as i t s mean v a l u e (1).
The a b i l i t y o f c e l l s t o respond t o e x t e r n a l s t i m u l i i n v o l v e s t h e t r a n s d u c t i o n o f a s i g n a l a c r o s s t h e c e l l plasma membrane. One such e x t e r n a l s t i m u l u s appears t o be f l u i d shear stress.
Shear stress and t h e time-variance i n shear stress presumably act on c e l l s by p e r t u r b i n g t h e c e l l c y t o s k e l e t o n and i t s membrane morphology. Time-varying o r f l u c t u a t i n g shear stress, such as p u l s a t i l e shear and step-changes i n s h e a r , probably p e r t u r b t h e anchorage-dependent c e l l as a whole, causing membrane p e r t u r b a t i o n s a t t h e p o i n t s o f attachment t o t h e c y t o s k e l e t o n and the substratum. On t h e o t h e r hand, s t e a d y s h e a r stress may act by amplifying t h e n a t u r a l thermal o r Brownian f l u t t e r i n g o r r i p p l i n g o f t h e membrane ( 9 ) . This f l u t t t e r i n g h a s been observed i n r e d blood c e l l membranes and phospholipid b i l a y e r s (9). Our e a r l i e r work ( 1 ) has shown t h a t p u l s a t i l e stress ( 1 Hertz, amplitude 20% o f t h e mean) can lead t o s i g n i f i c a n t l y greater production rates of P G I 2 when compared t o s t e a d y stress exposure a t t h e same mean value.
Previously, i t has been demonstrated t h a t shear-induced production of p r o s t a c y c l i n may be blocked by ibuprofen ( 1 ) . T h i s would i n d i c a t e t h a t t h e p o i n t of a c t i o n o f stress s t i m u l a t i o n i s a t t h e cyclooxygenat i o n o f a r a c h i d o n i c a c i d o r i n preceding s t e p s . Since i t is g e n e r a l l y believed t h a t a r a c h i d o n i c acid metabolism i s rate-limited by i t s int r a c e l l u l a r a v a i l a b i l i t y (101, i t is p o s s i b l e t h a t shear stress a c t s by i n c r e a s i n g t h e r a t e o f l i b e r a t i o n o f a r a c h i d o n i c acid. Active s e c r e t i o n of p r o s t a c y c l i n i s not l i k e l y s i n c e there are no preformed i n t r a c e l l ular s t o r e s o f p r o s t a g l a n d i n s ( 1 1 ) .
There are s e v e r a l p o s s i b l e mechanisms by which shear s t r e s s -i n d u c e d membrane p e r t u r b a t i o n s could mimic a hormone/receptor i n t e r a c t i o n t o s t i m u l a t e c e l l metabolisn i n t r a c e l l u l a r l y .
Shear stress may induce i n c r e a s e d phospholipase C a c t i v i t y , caused by t r a n s l o c a t i o n of t h e enzyme, i n c r e a s e The e n d o t h e l i a l c e l l s used i n t h i s s t u d y are unusual f o r t i s s u e c e l l s i n t h a t t h e y normally do l i v e i n a n environment which i n c l u d e s f l u i d mec h a n i c a l f o r c e exposure. Because of t h i s , t h e r e s u l t s presented above may be l i m i t e d t o t h i s c e l l t y p e , and e x t r a p o l a t i o n o f these f i n d i n g s t o t h e metabolic r e s p o n s e -o f o t h e r mammalian c e l l s t o shear stress exposure should be done w i t h care.
H o l l i s and co-workers ( 1 4 , 15) have observed i n both i n v i v o and v i t r o s t u d i e s t h a t shear stress s t i m u l a t e s i n c r e a s e d histamine forming c a p a c i t y i n bovine a o r t i c e n d o t h e l i a l cells. I f s h e a r stress s t i m u l a t e s p r o t e i n s y n t h e s i s , there may be p o s s i b l e a p p l i c a t i o n s i n mammalian c e l l b i o r e a c t o r design. Giard and co-workers (16) observed t h a t human f i b r ob l a s t s secrete up t o 30 f o l d g r e a t e r amounts o f i n t e r f e r o n when maint a i n e d on m i c r o c a r r i e r s i n s p i n n e r f l a s k s compared t o c e l l s i n r o l l e r b o t t l e s . S i n c e t h e shear stresses t h a t c e l l s are exposed t o i n t h e s p i n n e r f l a s k s are much h i g h e r t h a n t h o s e i n r o l l e r b o t t l e s , t h e i ncreased production may b e a t t r i b u t a b l e t o shear s t r e s s -i n d u c e d stimul a t i o n o f i n t e r f e r o n s y n t h e s i s .
By choosing a n a p p r o p r i a t e r e a c t o r c o n f i g u r a t i o n , c e l l s may be s u b j e c t e d t o moderate shear stresses t h a t would s t i m u l a t e s y n t h e s i s o f p r o t e i n s , y e t not cause c e l l detachment and subsequent l o s s o f v i a b i li t y .
I n f a c t , t h e s t r e n g t h of adhesion t o t h e s u b s t r a t e , i n and o f i t s e l f , may be i n c r e a s e d if c e l l s are s u b j e c t e d t o shear stress.
SHEA2 STRESS INDUCED STIMULATION OF MAMMALIAN CELL METABOLISM
Preliminary s t u d i e s on e n d o t h e l i a l c e l l s s u b j e c t e d t o s h e a r i n serumf r e e medium suggested t h a t sheared c e l l s e x h i b i t i n c r e a s e d s t r e n g t h o f attachment and v i a b i l i t y compared t o c o n t r o l c u l t u r e s ( o u r l a b o r a t o r y , unpublished o b s e r v a t i o n s ) . S t u d i e s of t h e s e phenomena should i n c l u d e i n v e s t i g a t i o n o f t h e effects of s h e a r stress on t h e s y n t h e s i s and release of adhesive p r o t e i n s such as f i b r o n e c t i o n and c o l l a g e n . Production rates are given as pg PG12/106 c e l l d m i n . flow o r t i s s u e c u l t u r e production r a t e of P G I 2 was 1 1 pg/106 c e l l s / m i n .
Note t h e very low I n u m b i l i c a l v e i n endot h e l i a l c e l l s , t h e major pathway from P G H 2 i s t o P G I 2 v i a p r o s t a c y c l i n s y n t h e t a s e . P G I 2 is u n s t a b l e and i n b u f f e r s a t pH 7.4 is h y d r o l i z e d t o 6-keto-PGFia with a h a l f l i f e o f approximately 3 minutes. ( 1 ) upper r e s e r v o i r , ( 2 ) lower r e s e r v o i r , (3) overlow manifold, ( 4 ) f i l t e r e d humidified 95% a i r + 5% C 0 2 i n p u t , ( 5 ) g a s o u t l e t , ( 6 ) flow chamber, ( 7 ) g a s k e t , ( 8 ) s l i d e w i t h c e l l monolayer, ( 9 ) microscope o b j e c t i v e , (10) vacuum, ( 1 1 ) samp l i n g p o r t , ( 1 2 ) r o l l e r pump, ( 1 3 ) PFA t e f l o n t u b i n g , ( 1 4 ) c o n s t a n t p r e s s u r e head, and (15) flow probe.
F i g u r e 3: P a r a l l e l p l a t e flow chamber. The polycarbonate p l a t e , t h e g a s k e t (GI, and t h e g l a s s s l i d e ( H ) with t h e a t t a c h e d c e l l s are held t o g e t h e r by a vacuum ( C ) , forming a channel of p a r a l l e l p l a t e geometry. Medium e n t e r s a t e n t r y p o r t ( A ) , through s l i t ( E ) , i n t o t h e channel, and e x i t s through s l i t ( F ) , and e x i t p o r t ( B ) . Entry p o r t ( A ) a l s o s e r v e s as a t r a p f o r bubbles, which can be removed through valve (D).
F i g u r e 4: Effect o f s t e a d y s h e a r stress on p r o s t a c y c l i n productionr e p r e s e n t a t i v e s e t of experiments. R e p l i c a t e c e l l monolayers were exposed t o s h e a r stresses o f 6 , 16, and 24 dynes/cm2.
( A ) The cumulat i v e production of p r o s t a c y c l i n ; ( B ) The production r a t e , computed as t h e d e r i v a t i v e o f t h e f i t t e d c u r v e s i n ( A ) .
F i g u r e 5: E f f e c t o f s t e a d y s h e a r stress on p r o s t a c y c l i n production. The s t e a d y s t a t e production rates p l o t t e d a g a i n s t s t e a d y s h e a r stress. The v a l u e s 6 , 16, 24 dynes/cm2 r e p r e s e n t averaged v a l u e s of 3 r e p l i c a t e s e t s o f experiments (Table 1 ) .
The v a l u e s f o r 0.016 and 10 dynes/cm2 were obtained from d a t a p r e s e n t e d elsewhere ( 1 ) . E r r o r s r e p r e s e n t t h e SEM. 
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